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INTRODUCTION
The performance of air washers has never been thoroughly
investigated for several reasons. The main reason is that the
conditions desired can be attained by adding nozzles to a
washer already in use, or the size of the nozzles or the water
pressure can be changed. In addition to this, washers vary as
to the spacing of the nozzles in one bank and the spacing of
the banks if more than one bank is used so that results from
one washer can be used for another only if the construction is
similar.
The spray water for an air washer may be heated in a heat-
er separate from the washer, cooled by a refrigeration system,
or may be allowed to seek a level depending on the conditions
in the washer. This last is called an adiabatic saturation and
is the phase investigated in this thesis.
The performance of an air washer operating adiabatically
is measured by the number of degrees the initial dry bulb tem-
perature of the air is reduced and is expressed as a percent-
age of the initial wet bulb depression. That is, a washer that
is 1006 efficient would cool the air to the entering wet bulb
temperature.
This efficiency is known for the conditions usually used
by manufacturers for rating purposes of an air velocity of 500
feet per minute and a spray rate of j gpm per bank per square
foot of area. Any variation in these conditions will change
the efficiency and the values known for the rated conditions
can be used only as a first approximation.
The results obtained in this investigation can not be
used accurately for other washers but they will indicate the
magnitude and direction of the error if the rated efficiencies
are used for other than rated conditions.
PURPOSE
It is the purpose of this investigation to find the effect
on the humidification efficiency of an air washer operating
adiabatically of a change in the entering conditions, the air
velocity, the spray pressure, and the number of banks of noz-
zles.
EQUIPMENT USED
The air washer tested had a spray chamber ll"x 22"x 7Z"
not including the water space at the bottom which was about
6"Y. This depth was arbitrary but had to be sufficient to
cover the thermometer well for the temperature of the water
leaving the chamber.
Two banks of sprays of 6 nozzles each were equipped
with valves so that either bank could be operated alone.
In this ease for the greater part of the time both were
used so that one was spraying upstream and one was down-
stream. Eliminator plates removed most of the moisture
carried from the sprays by the air.
The fan was a type "CL", size 2, manufactured by the
Buffalo Forge Company and was driven by a i hp. motor. The
water was circulated by a Jennings Centrifugal pump running
at 3450 rpm and driven by a 2 hp. motor. The capacity of
the pump was 15 gpm with a head of 140 feet.
A damper located between the fan and outlet provided
means for regulating the velocity of air. A fan type psych-
rometer was used for the inlet conditions while a conven-
tional type psychrometer was used for the outlet. The vel-
ocity of the air was sufficient in the latter case to give
an accurate wet bulb reading.
bA 9" orifice in the duct before the fan and two draft
gages provided the means of measuring the quantity of air
circulated.
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METHOD OF TESTING
In brief, a test consisted of first setting the damper
in the outlet so that a predetermined velocity would be main-
tained in the spray chamber and of setting a valve in the
water line for the desired spray pressure. When all tem-
peratures reached equilibrium they were recorded. The data
consisted of the spray pressure, the velocity and static
pressures at the orifice, and the wet and dry bulb temper-
atures at the inlet, outlet, and at the eliminator plates.
Three difficulties were encountered and overcome be-
fore the above simple procedure was possible. These were
the determination of the dry bulb temperature of the air
leaving the eliminator plates, the determination of the
time equilibrium was reached, and the effect of variation
in the initial conditions.
The wet bulb temperature of the air leaving the elim-
inator plates was found by a thermometer in the air stream
with a wick over the bulb. The entrained moisture was suf-
ficient to keep the wick saturated. The entrained moisture
was unknown in amount and vaporized in the duct to the fan
so the temperatures at the outlet could not be used in find-
ing the dry bulb at the eliminator plates. If no moisture
had been present, a constant H line on a humidity chart could
.fti i _M.01 - MMEMM-r-
have been used to get this dry bulb temperature. An overall
coefficient of heat transfer for the duct could not be used
for the same reason - the entrained moisture.
A thermometer shielded by two pieces of tin held to the
stem with tape was used for all data in this thesis. The tin
extended half way around the thermometer bulb and there was an
air space between the two pieces to reduce radiation to the
outer piece. This outer piece of tin was cooled by the mois-
ture collecting on it and no doubt introduced a very small
error due to radiation even though the moisture was removed
at frequent intervals.
The time of equilibrium was difficult to detect since
the water temperatures changed slowly as they reached con-
stant values. Readings were taken every fifteen minutes un-
til the water temperatures were nearly constant at which
time readings were taken for ten minutes at one minute in-
tervals.
This ten minute test was necessary as in practically all
cases the initial temperatures varied from minute to minute.
In many cases this variation caused a change in equilibrium
so that the readings were discarded. When the water tem-
perature changed 0.3O or less, the readings were used. It
is this variation that causes the points on the curves to
be so erratic. The only solution is to keep the initial
temperatures from varying more than 0.20 or to take readings
over a long period of time.
9All temperatures were read and averaged to the nearest
tenth of a degree. For all but one series of tests at 850
the dry bulb temperature was naintained between 740 and 760.
Readings were taken for velocities of 200, 300, 400, 500,
and 570 feet per minute in the spray chamber. Some readings
were taken at 550 feet per minute to assist in locating the
curves to be drawn through the points.
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DISCUSSION OF RESULTS
The first thing to be noticed from these results is
the deviation from a constant wet bulb through the washer.
Heat is added to the water by the pump and, to a small ex-
tent, to the water from the atmosphere through the metal
making up the spray chamber. The water is cooled in the
sprays and reaches an equilibrium temperature above the
wet bulb temperature.
From Fig.14 it is seen that the water enters the spray
chamber about 60 at 200 feet per minute and 3.5 0 at 600
feet per minute above the wet bulb temperature. The water
was cooled from 1 to 20 in the sprays so that at no time
was the temperature near the initial wet bulb. These values
also hold when the quantity of water was increased from
2.79 to 3.28 gpm per bank per square foot (Fig.15).
The wet bulb temperature increases through the washer
in the same manner (Figs.12 and 13). This is due to the
temperature of the water and amounts to 40 at 200 feet per
minute and 10 at 600 feet per minute. The increase is about
the same for 3.28 as for 4.79 gpm per bank per square foot.
The water temperature and the increase in wet bulb for
a given velocity were higher for low relative humidities
than for high humidities. The points were well scattered
but the trend was definite. At low relative humidities the
humidification efficiency is higher. This means that there
is a greater heat transfer from the air to the water. This
would seem to mean a greater cooling of the water due to the
increased evaporation but the points indicate that some of
this heat passes through the air and water films to heat the
drops. This being true, the water is warmer for a low rel-
ative humidity and the increase in wet bulb is greater.
The points for the humidification efficiency were all
plotted on the same curve (Fig.8) and on separate sheets
(Figs.2 to 7) as an aid in locating the curves. The points
are scattered due to variations in the entering conditions
but indicate a definite trend.
For a constant air velocity, the efficiency decreases
with increasing humidity. The mass exchange or evaporation
of water depends on the difference between the partial press-
ures of the vapor with the air and the vapor in the air film
about the drops. As the humidity increases, this partial
pressure difference decreases which reduces the heat transfer.
As the heat exchange is reduced, the wet bulb remains more
nearly constant, and the water approaches the wet bulb tem-
perature. This also reduces the heat transfer which accel-
erates the decrease in efficiency for higher relative hum-
idities. This is the reason for the rapid decrease in ef-
ficiency for higher humidities.
The efficiency is higher for greater velocities through
the spray chamber. This is due to a decrease in the film
thickness which greatly reduces the resistance to heat and
mass transfer.
The increase in spray pressure from 16.5 to 25 pounds
gage increased the flow of water from 2.79 to 3.28 gpm per
bank per square foot and increased the efficiency about 5%
at 500 feet per minute. At lower velocities the increase
in efficiency was less until at 200 feet per minute the
efficiency for 25 pounds was less than that for 16.5 pounds.
The reason for this is not evident since for the higher
pressure there are more drops and each is probably smaller
which greatly increases the surface "a". If the air vel-
ocity is the same, the air and water films are probably
about the same thickness. This would lead to an increased
heat and mass transfer instead of the decrease actually
found. The solution of this problem would involve a study
of the size of drops with changing spray pressure.
If all other conditions are constant, an increase in
the entering dry bulb temperature (Fig.ll) of 100 will in-
crease the humidification efficiency about 8% for 500 feet
per minute velocity. This increase is due to the wet bulb
increase through the washer and can best be shown by a hy-
pothetical washer which is as efficient as it can be as far
as cooling to the leaving wet bulb temperature.
At 750 dry bulb and 50% relative humidity the wet
bulb is about 63.50. If the increase in wet bulb through
the washer is 40, the maximum efficiency is 65%. If the
initial dry bulb is 850 and the humidity 50%, the wet
bulb is 710. The increase in wet bulb will probably be
more than 40 because of the increased heat transfer, but
for a 40 increase, the maximum efficiency is 71.5% or
6.5% more than for 750.
It is for this reason that humidification efficiencies
should be stated at some entering conditions as for exam-
ple, 750 dry bulb and 50% relative humidity.
The value of the efficiency at 750, 509, 500 feet per
minute, and 2.79 gpm per bank per sq.ft. is about 15% be-
low the value in the A.S.H.&V.E. Guide for a two-bank wash-
er with one bank upstream and one bank downstream. Even
the value at 850 dry bulb is at least 5% low. And the value
for 3.28 gpm is at least 5% low.
For an additional comparison, some readings (Fig.19)
were taken for one bank upstream and for one bank down-
stream. Entering conditions made it impossible to get
readings at 50% relative humidity but a value of 66% for
one bank upstream and a value of 56 for one bank down-
stream can be estimated. These values are from 5 to 10%
below the values given in the Guide. Evidently the Guide
values are based on washers having a much smaller increase
in wet bulb temperature.
The coefficient "ha" in Btu per minute per degree F per
cubic foot of active volume was determined as in the case
of an adiabatic saturation since this is the way in which
the coefficient will be used. From Fig. 18 it is seen that
the coefficient increases rapidly as the velocity increases.
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The same phenomenon at 200 feet per minute is observed with
the curves crossing as was the case with the humidification
efficiency. Since the humidification curves were not used
in this calculation but a separate plot made for the slopes,
and since these points in Fig. 18 fall on a fairly smooth
curve, the indication is that the humidification efficiency
curves were drawn correctly. There is no explanation,
however, for the decreased coefficient at 200 feet per min-
ute for the increased spray pressure.
The value for the 850 dry bulb readings was calculated
and is shown as being above both values for 750 which would
follow from a study of the efficiency curves.
CONCLUSIONS
1. It is impossible to have a constant wet bulb process in
an air washer due to the heat added to the water by the pump.
2, For a constant air velocity, the humidification efficiency
decreases with increasing relative humidity.
3. For a constant relative humidity, the humidification ef-
ficiency increases with increasing velocity.
4. The humidification efficiency increases with increasing
dry bulb temperature, all other conditions being constant.
5. The humidification efficiency increases with increasing
spray pressure or gpm per bank per square foot of area.
6. The efficiency is on an average 10% below the values
given in the A.8.H.& V.E. Guide.
7. The coefficient "ha" increases with increasing velocity
and has a value of 2 Btu per minute per degree F per cubic
foot of active volume at 500 feet per minute, 750 dry bulb,
50 relative humidity, and 2.79 gpm per bank per square foot
of area.
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HUMIDIFICATION AND DEHUMIDIFICATION
An air washer consists of one or more nozzles spraying
water into an air stream either in the direction of motion
of the air or in the opposite direction. The water may ev-
aporate into the air or vapor may be condensed from the air.
The spray water is heated or cooled depending on the water
temperature as it enters. There are seven different comb-
inations of latent and sensible heat transfers possible de-
pending on the relation between the water temperature and
the wet bulb, dry bulb, and dew point temperatures of the
air.
If the air entering the washer has a dry bulb temper-
ature tdb (Fig.20) and a wet bulb temperature twb and the
water temperature is ti, the air will be cooled and vapor
will be condensed. The partial pressure of the vapor is
higher than that of the vapor surrounding the drops of wa-
ter which results in the condensation. The dry bulb tem-
perature being higher than the temperature of the water re-
sults in a sensible heat transfer from the air to the water.
If the water is at t 2 , the dew point temperature, the
vapor pressures of the vapor film and of the vapor are the
same so no evaporation or condensation will occur. The
sensible heat transfer from the air to the water heats the
water and cools the air.
As the water temperature is increased above the dew point
to t3 the vapor pressure of the vapor film about the drops of
water is greater than that of the vapor in the air so that
evaporation occurs. The sensible heat transfer is still in
the direction of the water.
When the water reaches the wet bulb temperature of t4
the water is not heated as it was in the previous cases, but
remains at a constant temperature. The heat to evaporate the
water is supplied by a cooling of the air so that the enthalpy
of (l+H) pounds of mixture entering is the same as that of
(1+H') pounds leaving. This is an adiabatic saturation.
At a water temperature of t5 the sensible heat transfer
is still to the water and the heat for the evaporation of the
water comes from the air, but the net result is a cooling of
the air and water.
Water temperatures at t6 and t7 are not usually found
in air washer practice, but it should be noted that at t6
the direction of the sensible heat transfer reverses since
at t7 the water temperature is above the dry bulb temperature.
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DERIVATION OF EQUATIONS USED
A, A A
The steady flow equation for a gas through an orifice,
if the density is constant, no work is done, no sensible
exchange of energy as heat occurs, and the potential head
is negligible, becomes V,/2g+P, /d=V7/2g-+ P2/d
P1 - Pch in feet of air, or =(62.4/12)VP in inches
of water.
AV=CA0 V~
Therefore, V/2g - (CZV2 /g)(A./A, )5.2VP/d
. A, V= CA.V,
, 6xgx5.2xvPQ=60xCx&9  (1-(A./A, ))d
C' .608
A,= area of 9" orifice
A,=area of 12-3/4" duet
Therefore, (4 (Cfm) =341 YP/d
A ohamber L feet long and A square feet in cross-
section has a spray of water introduced so that the surface
of the drops is a square feet per cubic foot of active
volume of the chamber. G pounds of air is introduced with
a humid heat of s and reaches a temperature t when it is
at the cross-section dL of the chamber. At this point the
temperature of the water is Two The volume of the section is
AdL. The surface of the water in this section dL is akdL
and the coefficient of heat transfer h is in Btu per minute
per square foot of water surface.
From Newton's law for sensible heat transfer
&q=h(aAdL) (t-Tw)
This comes from the air and equals -Godt.
Equating, &I = G
So if Tv is constant, ln baV
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SAMPLE CALCUlATIONS
Sample Data
In Fan Eliminator Plates
DB 77.3 DB 72.1 DB 70.2
WB 68.0 WB 70.1 WB 69.4
Velocity pressure 0.464 inches of water
Static pressure 1.10 inches
Cfm=34 341 F* 4 =846 where 6 is at 70.20
Water
in 72.0
out 70.7
Neglecting the small change in pressure from the spray
chamber to the low pressure side of the orifice, the
volume of air through the chamber is also 846 ofm.
The area of spray chamber above water is 1.68 sq. ft.
Y=846/1.68=504 ft/min
Humidification Efficiency:(77.3-70.2)/(77.3-68.0)
=76.3%
The grains of moisture per pound of dry air entrained
=107-106.5=0.5 grain
The increase in wet bulb through the washer=69.4-68=1.4 0
40
e =
1 w
The slope from the curve or 2
l~Iw
in 1/.24=1.428
G=846/13.68=61.9 pounds of dry air/min.
Tol=1.68x6.05=10.16 cu. ft.
a=.244 (Guide p.5)
1.428x61.9x.244 255
10.16
I W9.2da - --- - . Ra- - - - -
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